We study experimentally the Bloch-wave instabilities in optically induced photonic lattices. We reveal two different instability scenarios associated with either the transverse modulational instability of a single Bloch wave or the nonlinear interband coupling between different Bloch waves. We show that the transverse instability is greatly enhanced in the induced lattice in comparison with homogeneous media. © 2004 Optical Society of America OCIS codes: 190.0190, 190.4420. Transverse (or symmetry-break ing) instabilities of solitary waves were predicted theoretically almost 30 years ago (see details in a review paper 1 ), but only recently were both transverse and spatiotemporal instabilities observed experimentally for different types of bright and dark spatial optical solitons. The effects of modulational and transverse instabilities were observed mostly for continuous media, whereas theoretical results on nonlinear wave dynamics in Bragg gratings and waveguide arrays indicate that periodicity can have a strong effect on such instabilities. 
Transverse (or symmetry-break ing) instabilities of solitary waves were predicted theoretically almost 30 years ago (see details in a review paper 1 ), but only recently were both transverse and spatiotemporal instabilities observed experimentally for different types of bright and dark spatial optical solitons. 2 The effects of modulational and transverse instabilities were observed mostly for continuous media, whereas theoretical results on nonlinear wave dynamics in Bragg gratings and waveguide arrays indicate that periodicity can have a strong effect on such instabilities. 2 It was recently demonstrated that lattice solitons can form in optically induced waveguides created in a photorefractive crystal. 3, 4 In one-dimensional lattices the soliton stripes closely resemble discrete solitons in waveguide arrays. 5 However, this analogy is limited since elongated beams may exhibit transverse instabilities. In this Letter we study experimentally nonlinear beam self-action in optically induced lattices and observe novel instability mechanisms caused by the medium periodicity.
We create a periodic lattice by interfering two ordinary polarized laser beams in a photorefractive strontium barium niobate (SBN:60) crystal, which is externally biased with a dc f ield along the x axis (crystalline c axis). 3, 4 The grating is constant along the propagation direction z because of a low material nonlinearity for ordinary polarized light. 3 The polarity of the biasing field is such that an extraordinary polarized probe beam experiences strong focusing nonlinearity. The beam propagation is also affected by the periodic potential created by the interference pattern, which leads to beam dynamics that is similar to propagation in waveguide arrays. 5 The extraordinary polarized beam is focused by a cylindrical lens, thus forming a bright stripe at the input face of the crystal oriented along the fringes of the interference pattern [ Fig. 1(a) ]. The initial FWHM of the stripe is 25.0͑7͒ mm. The stripe diffracts and scatters in the x direction as it propagates inside the periodically modulated structure. The propagation of a probe beam depends on the incident angle a [ Fig. 1(b) ]. The strongest scattering is observed when the Bragg resonance condition is satisf ied, a͞a Br 61, 62, . . . , and under such conditions the beam simultaneously excites Bloch waves corresponding to different bands of the bandgap spectrum of the induced periodic structure. 6 By changing the maximum intensity of the grating I 0 , the voltage on the crystal V , or the period of the interference pattern d, we can change the induced periodic potential and subsequently modify the width of the Bragg resonance and dispersion characteristics of the excited Bloch waves. We choose an input beam width that is larger than the lattice period; then only one band is excited at the normal incidence (a 0). The dependence of the Bloch-wave spectrum on the beam inclination angle characterizes the diffracted beam prof iles, 6 and experimentally we monitor the output probe beam intensity distribution on a CCD camera. Details of the experiments are similar to those presented in Refs. 4 and 6. When the intensity grows, the stripe can exhibit transverse instability, causing the beam to break up along the vertical ( y) direction. To identify the effect of the periodic lattice, we compare the results with a homogeneous case by making the two interfering beams mutually incoherent and thus removing the induced grating. In this way the amount of illumination inside the crystal remains the same, and, since we operate in the regime of low or moderate saturation, the strength of the nonlinearity does not change significantly. On the other hand, we find that the threshold intensity for the instability is reduced by 2 orders of magnitude in a periodic lattice compared with the homogeneous case. Additionally, we f ind that the beam instability in a lattice strongly depends on the incident angle, corresponding to different regimes of the beam scattering and excitation of Bloch waves. First, we investigate the nonlinear evolution for the case of normal incidence (a 0), when only Bloch waves from the f irst band are excited and Bragg scattering from the periodic structure is absent. In Fig. 2 we show representative examples of our experimental results. The period of the grating for these experiments was d 15.3 mm. The crystal is biased with an electric field of 4400 V͞cm, and the ratio between the grating intensity and the dark irradiance I d of the crystal is estimated to be I 0 ͞I d ϳ 3. When the grating is off, the extraordinary polarized probe beam focuses, and the stripe forms a quasi-one-dimensional soliton with homogeneous intensity along the y direction [ Fig. 2(a) ]. When the grating is switched on, the beam forms a quasi-one-dimensional lattice (or discrete) soliton with a prof ile dependent on the initial horizontal position of the beam with respect to the lattice, as discussed in Ref. To compare the instability growth rate in the periodic lattice with that for the homogeneous system, we switch off the grating and increase the laser beam power until transverse instability of the stripe is observed [ Fig. 2(d) ]. We note that just above the instability threshold the stripe develops a snakelike shape, and full neck-type breakup occurs at higher powers. These features are observed for both modulated and homogeneous conf igurations and may be related to the effect of charge diffusion in a photorefractive crystal. The striking result of this experiment is that a beam power that is more than 2 orders of magnitude higher is needed to achieve qualitatively similar destabilization of the stripe when the lattice is removed. For such high beam powers the presence of the induced lattice leads to a full breakup of the signal beam as seen in Fig. 2(e) .
There may exist several factors that facilitate faster transverse instability development in a periodic lattice. First, the perturbation in the x direction induced by the grating changes the conditions for instability in the vertical direction, 7 increasing the instability growth rate and causing the beam to break up. The reason for this is simple: The beam is localized in the induced waveguides, and it consists of several vertical stripes that are narrower than the nonmodulated beam at the same laser power. Therefore these thin stripes tend to develop transverse instability much faster than the wider nonmodulated beam. Increasing the degree of power localization in each individual waveguide also leads to growing instability of the Bloch wave. 8 Another contribution comes from inhomogeneities of the lattice-induced waveguides, which are not ideal in the vertical direction. Such imperfections cause differences in the coupling between the neighboring waveguides along the y direction and therefore accelerate the development of the transverse instability.
We then investigate the transverse instability under the conditions of Bragg scattering. We incline the grating with respect to the probe beam at an angle of a 25 mrad, measured in air, 9 which is slightly less than twice the Bragg angle (a Br 13.5 mrad). We increase the grating period to d 19.8 mm and the grating intensity to I 0 ͞I d ϳ 10 to broaden the angular bandwidth of the Bragg resonance. The induced waveguides can support higher-order modes, and the excited Bloch waves display a double-peak structure as seen in Fig. 3(a) . This increases the interaction between Bloch waves excited by the input beam, and we find that instability is strongly modified under such conditions. To reduce the charge diffusion, we lower the applied electric field to 3600 V͞cm.
A typical output beam prof ile for the linear scattering is shown in Fig. 3(a) . The dashed curve in the plot on the right-hand side shows the beam when the grating is off. Since the beam is tuned close to the second-order Bragg resonance, Bloch waves from the second and third spectral bands are excited simultaneously, 6 and they become spatially separated in the diffracted beam as indicated in the plot in Fig. 3(a) . When the beam intensity is increased, sections B A and B B of the scattered beam structure move toward each other because of the coupling between the Bloch waves [ Figs. 3(a)-3(c) ]. The part of the beam on the far left corresponds to the scattered waves that propagate in the direction opposite to the input beam, and the corresponding coupling is much weaker. Bands B A and B B mix together and strongly interact at ϳ5.5 mW, as seen in Fig. 3(c) . Because of this interaction, the Bloch waves exchange energy, and this depends strongly on the intensity. Any small variation in the intensity distribution along the vertical y axis is enhanced by the interband energy exchange and causes transverse destabilization of the beam.
To verify that this effect is indeed caused by the energy exchange between the Bloch waves and not the inhomogeneities in the induced waveguides, we test the instability dynamics (at 5.5-mW probe beam power) as a function of the excitation position of the input beam with respect to the grating. For this purpose we change the phase of one of the interference beams, thus shifting the grating along the x axis for a full grating period. As a result, the instability is found to be position insensitive in contrast to the collinear excitation.
At even higher intensities the interband mixing tends to disappear since the lattice depth is effectively reduced by the strong probe beam. At these intensities the type of instability discussed earlier for the collinear excitation is present [Figs. 3(d) and 3(e)], and it is comparable with the instability shown in Figs. 2(b) and 2(c). At much higher (approximately ten times) laser powers the beam starts to break in well-def ined circular spots, and then transverse instability that is typical for a homogeneous medium is observed, because the probe-beam-induced refractive index is dominant over the grating-induced index change.
We note here that the transverse instability due to the interband mixing is sensitive to the angle of incidence (a). At different (lower) angles such a scenario is not observed since there were no conditions under which two bands would strongly overlap and mix with each other. However, the instability of a single band can always be observed at higher powers, which is similar to the examples shown in Figs. 2(b) and 2(c) and Figs. 3(d) and 3(e) . The amazing feature that occurs in the experimental realization presented in Fig. 3 is that the different instability mechanisms can be clearly distinguished as they appear at different power levels.
Finally, we experimentally investigated the inf luence of additional, systematic factors that may facilitate the instability-induced breaking of the stripe, such as a slight vertical tilt of the stripe with respect to the fringes of the grating. We tested this possibility experimentally by intentionally tilting the stripe (correspondingly tilting the cylindrical focusing lens). In this case we consequently excite different lattice modes 4 along the y axis, which leads to a correspondingly regular breakup of the stripe in contrast to the instability patterns presented above.
In conclusion, we have observed, for the f irst time to our knowledge, the development of transverse modulational instability of lattice soliton stripes and Bloch waves in optically induced lattices. We have revealed two distinctive scenarios of the Bloch-wave instability associated with either the transverse instability of a single Bloch wave enhanced by the periodic potential or the strong interband mixing of different Bloch waves.
